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Composite Material and Method of Manufacturing the Same 

Background of the Invention 
Field of the Invention 

5 The present invention relates to a fiber-reinforced composite material and a 

method of manufacturing the same. More particularly, it pertains to a 
fiber-reinforced composite material incorporating therein a shape-memory alloy to 
which a permanent strain is previously imparted. 
Related Art 

10 In recent years, a composite material used as a structural material for a 

future aircraft and high-speed vehicle has been consecutively developed, and a 
composite material of light weight and high strength has been proposed. 

For example, a composite material has been proposed (see, Japanese 
Patent Laid-Open Publication No. 2000-334888) in which a shape-memory alloy foil 

15 to which a strain is previously imparted at room temperature is buried in a CFRP 
(Carbon Fiber Reinforced Plastic) composite material laminate board, and the 
shape-memory alloy foil is electrified or heated from outside, so that a damaged 
region can be repaired by utilizing a shape recovering function of the shape-memory 
alloy foil as a damage suppressing function. 

20 The composite material described in Japanese Patent Laid-Open 

Publication No. 2000-334888 includes the shape-memory alloy foil arranged 
between composite carbon fiber (hereinafter referred to as CFRP) layers, with the 
number of the CFRP layers being two. In such a composite material, a ratio of the 
volume of the shape-memory alloy foil with respect to the overall volume of the 

25 composite material is relatively high. In addition, the shape-memory alloy foil has a 
higher density than that of the CFRP. Thus, a further weight reduction of the 
composite material is inhibited. 

Summary of the Invention 
The present invention is made in view of the above disadvantage. An 
object of the present invention is to provide a composite material and a method of 
manufacturing the same, in which a weight of the composite material is reduced, 
while the strength thereof is improved to provide a higher damage suppressing 
effect. 

In order to achieve the above object, a composite material, according to the 
first aspect of the present invention, comprises: a fiber-reinforced resin layer part 
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including a plurality of fiber-reinforced resin layers in different fiber arrangement 
directions, the layers being laminated with each other, a metal layer made of a 
structural metal material, which is disposed between the fiber-reinforced resin layer 
parts; and a resin layer which attaches the metal layer and the fiber-reinforced resin 
5 layer part to each other. 

Herein, the structural metal material means a metal which has a strength 
sufficient for its use as a structural material of a structure. Since a required strength is 
varied according to a structure, a metal material to be used for a metal layer may 
also be changed. 

1 o According to the first aspect of the present invention, the resin layer not only 

contributes to improving a damage generating strain of the composite material, but 
also enhances an attachment between the metal layer and the fiber-reinforced resin 
layer part Therefore, the composite material can be more firmly integrated. As a 
result, as compared with a conventional composite material, a damage suppressing 

1 5 effect can be increased. 

In a composite material according to the second aspect of the present 
invention, the metal layer may be made of a shape-memory alloy, and the resin layer 
and the fiber-reinforced resin layer part may be laminated on the metal layer to which 
a strain is previously imparted. 

20 According to the second aspect of the present invention, when the metal 

layer formed of a shape-memory alloy recovers its original shape, the resin layer and 
the fiber-reinforced resin layer part, which are laminated on the metal layer, are 
subjected to a recovering force of the metal layer at the same time. Thus, upon a 
recovery of the metal layer, the recovering force is applied to the resin layer and the 

2 5 fiber-reinforced resin layer part. In the case where an external force is applied in an 

opposite direction of the recovering force, the external force is counterbalanced by 

the recovering force. Therefore, a critical stress at which a damage is generated in 

each layer can be raised. 

In a composite material, according to the third aspect of the present 
30 invention, the fiber-reinforced resin layer part may be composed of n sheets of 

fiber-reinforced resin layers, and the fiber-reinforced resin layers may be laminated 

such that a minimum angle between the fiber-reinforced resin layers in a fiber 

arrangement direction is 1 80/n degrees. 

According to the third aspect of the present invention, the respective layers 
35 of the fiber-reinforced resin layer part are arranged at a uniform angle depending on 

the number of layers to be laminated. Thus, such a fiber-reinforced resin layer part 
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can provide a strength in the most uniform manner. That is, fiber-reinforced resin 
layer part is not strengthened in only a certain direction, so that a suitable structure of 
the composite material is made possible. 

In a composite material, according to the fourth aspect of the present 
5 invention, the fiber-reinforced resin layer part may include: a first fiber-reinforced 
resin layer in which fibers are arranged to extend perpendicular to a certain direction 
of the metal layer; a second fiber-reinforced resin layer laminated on the first 
fiber-reinforced resin layer, in which fibers are arranged to extend at an angle of -45 
degrees relative to the certain direction of the metal layer, a third fiber-reinforced 

10 resin layer laminated on the second fiber-reinforced resin layer, in which fibers are 
arranged to extend along the certain direction of the metal layer; and a fourth 
fiber-reinforced resin layer laminated on the third fiber-reinforced resin layer, in which 
fibers are arranged to extend at an angle of 45 degrees relative to the certain 
direction of the metal layer. 

15 Herein, the certain direction means a direction in which load is mainly 

applied to the composite material. 

According to the fourth aspect of the present invention, since the first to 
fourth fiber-reinforced resin layers are respectively arranged at an angle of 45 
degrees, the fiber-reinforced resin layer part are strengthened in four directions. 

20 Thus, such a fiber-reinforced resin layer part composed of four layers can provide a 
strength in the most uniform manner, That is, the fiber-reinforced resin layer part is 
not strengthened in only a certain direction, so that a suitable structure of the 
composite material is made possible. 

A method of manufacturing a composite material, according to the fifth 

25 aspect of the present invention, comprises the steps of: imparting a strain to a 
shape-memory alloy foil; laminating a resin layer on each surface of the 
shape-memory alloy foil; laminating a plurality of uncured fiber-reinforced resin layers 
on the resin layer; securing both ends of the shape-memory alloy foil to prevent a 
length of the foil from being changed; and heating the shape-memory alloy foil to 

3 0 cure the resin layer and the fiber-reinforced resin layers. 

According to the fifth aspect of the present invention, when the 
shape-memory alloy foil is heated to recover its original shape, the resin layer and 
the fiber-reinforced resin layers, which are laminated on the shape-memory alloy foil, 
are subjected to a recovering force of the shape-memory alloy foil at the same time. 

3 5 Thus, upon a recovery of the shape-memory alloy foil, the recovering force is applied 
to the resin layer and the fiber-reinforced resin layers. In the case where an 
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external force is applied in an opposite direction of the recovering force, the external 
force is counterbalanced by the recovering force. Therefore, a critical stress at 
which a damage is generated in each layer can be raised. 

Brief Description of the Drawings 
Fig. 1 is a perspective view of a composite material according to the 
present invention; 

Fig. 2(a) is a plan view of a test piece; 
Fig. 2(b) is a side view of the test piece; 

Fig. 3 is a view illustrating a manufacture of the composite material; 
Fig. 4 is a graph showing a comparison of damage properties of test pieces 
having different laminate structures; 

Fig. 5 is a graph showing relationships of load strains and damage 
properties of test pieces having different laminate structures; 

Fig. 6 is a graph showing a comparison of damage properties of test pieces 
having different laminate structures; 

Fig. 7 is a view illustrating a process of generating a transverse crack and a 
delamination in a conventional composite material; and 

Fig. 8 is a view illustrating a process of generating a transverse crack and 
a delamination in the composite material according to the present invention. 

Detailed Description of the invention 
An embodiment of a composite material and a method of manufacturing 
the same according to the present invention are described below in detail. 
25 As shown in Fig. 1 , a composite material 10 includes a metal layer 1 formed 

of a structural metal material, a resin layer 2 laminated on each surface of the metal 
layer 1, and a fiber-reinforced resin layer part 3 having a plurality of fiber-reinforced 
resin layers 31 to 34 which are laminated on the resin layer 2. 

The metal layer 1 is formed of a shape-memory alloy as a structural metal 
30 material. Herein, a Ti-50.2% Ni shape-memory alloy (hereinafter referred to as 
SMA) is used, for example. The SMA will recover to an original crystal structure by 
being heated. 

The resin layer 2 is interposed between the metal layer 1 and the 
fiber-reinforced resin layer part 3. The resin layer 2 improves an adhesive strength 
35 between the metal layer 1 and the fiber-reinforced resin layer part 3, as well as 
enhances the strength of the composite material 10. Herein, an epoxy-based resin 
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adhesive film is used, for example. 

The fiber-reinforced resin layer part 3 includes the first fiber-reinforced resin 
layer 31 , the second fiber-reinforced resin layer 32, the third fiber-reinforced resin 
layer 33, and the fourth fiber-reinforced resin layer 34. In the first fiber-reinforced 
5 resin layer 31, fibers are arranged to extend perpendicular to a direction in which 
load is mainly applied to the metal layer 1 (a transverse direction to the plane of the 
drawing of Fig. 1). In the second fiber-reinforced resin layer 32 laminated on the 
first fiber-reinforced resin layer 31, fibers are arranged to extend at an angle of -45° 
relative to a direction in which load is mainly applied to the metal layer 1 . In the third 

1 0 fiber-reinforced resin layer 33 laminated on the second fiber-reinforced resin layer 32, 
fibers are arranged to extend along a direction in which load is mainly applied to the 
metal layer 1 . In the fourth fiber-reinforced resin layer 34 laminated on the third 
fiber-reinforced resin layer 33, fibers are arranged to extend at an angle of 45° 
relative to a direction in which load is mainly applied to the metal layer 1 . Herein, 

1 5 carbon fibers can be used for forming each fiber-reinforced resin layers, for example. 

Examples 

The composite material 10 and a method of manufacturing the same are 
described hereinbelow with reference to the examples. 

20 

[Manufacturing method of Test Pieces] 

In this test, two SMA foils 0.04 mm thick and 0.1 mm thick were used as the 
metal layer 1 . Fig. 2 shows a configuration of test piece S. The dimension of the 
test piece S was 250 mm in length, 35 mm in width, about 1 .6 mm in thickness 

25 when made of the fiber-reinforced resin layer part 3 only, and about 1.85 mm to 
about 1 .95mm in thickness when the metal layer 1 is disposed therein. The SMA 
used as the metal layer 1 was obtained by the following steps. 

In order to improve an adhesive property, the SMA that is used as a metal 
layer 1 of the materials shown in Table 1, is cleaned with 3% hydrofluoric add - 15% 

30 nitric acid to remove the oxide film on its surface formed during hot rolling process. 
After the surface of the SMA was roughened, the SMA was subjected to an anodic 
treatment by using 10% NaOH so as to generate a new oxide film. When the test 
piece S is formed, the surface of the SMA was completely cleaned with a solvent. 
Then, as shown in Fig. 3, the resin layer 2 and the fiber-reinforced resin layer part 3 

35 were laminated by using a special jig 20 which can arrest a strain to be applied to the 
SMA. The test piece S was exposed to an environment of 180°C for 120 minutes 



so as to be molded and cured. Thereafter, a tab was attached to the test piece S, 
and the same was trimmed, so that the finished test piece S shown in Fig. 2 was 
obtained. 

5 [Test Method] 

The test pieces S used in this test were as follows: only the fiber-reinforced 
resin layer part 3 (1 kind); the fiber-reinforced resin layer part 3 and the resin layer 2 
(1 kind); the fiber-reinforced resin layer part 3, the resin layer 2, and the SMA (1 
kind); and the fiber-reinforced resin layer part 3, the resin layer 2, and the SMA to 

10 which a 2% strain is imparted (2 kinds). The respective test pieces S were tested 
under environments at room temperature and at a temperature of 80°C. Thus, the 
test were carried out under 10 conditions. Table 1 shows the lamination structures, 
board thicknesses, SMA volume ratios, and test temperatures of the test pieces S. 

As shown in Table 1 , test pieces S of A type as a comparative example 

15 were formed by laminating only the fiber-reinforced resin layer part 3. The test 
pieces S of A type included a test piece S of A1 type to be tested at room 
temperature and a test piece S of A2 type to be tested at a temperature of 80°C. 
Test pieces S of B type as a first example were formed by laminating the resin layer 
2 between the adjacent fiber-reinforced resin layer parts 3. The test pieces S of B 

20 type included a test piece S of B1 type to be tested at room temperature and a test 
piece S of B2 type to be tested at a temperature of 80°C. Test pieces S of C type 
as a second embodiment were formed by laminating the metal layer 1 of 0.04 mm in 
thickness between the adjacent fiber-reinforced resin layer parts 3 through the resin 
layer 2. The test pieces S of C type included a test piece S of C1 type to be tested 

25 at room temperature and a test piece S of C2 type to be tested at a temperature of 
80°C. Test pieces S of D type as a third example were formed by laminating the 
metal layer 1 of 0.04 mm in thickness to which a 2% strain had been previously 
imparted, between the adjacent fiber-reinforced resin layer parts 3 thorough the resin 
layer 2. The test pieces S of D type included, a test piece S of D1 type to be tested 

30 at room temperature and test piece S of D2 type to be tested at a temperature of 
80°C. Test pieces S of E type were formed by laminating the metal layer 1 of 0.1 
mm in thickness to which a 2% strain had been previously imparted, between the 
adjacent fiber^einforced resin layer parts 3 through the resin layer 2. The test 
pieces S of E type included a test piece S of E1 type to be tested at room 

3 5 temperature and a test piece S of E2 type to be tested at a temperature of 80°C. 

A loading-unloading test was carried out by using the 1 0 kinds of test pieces 
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S shown in Fig. 1 . The respective test pieces S were set on a tension tester, and a 
predetermined strain is increasingly loaded from 0.2% to rupture at a loaded strain 
interval from 0.05% to 0.2%. A strain of each test piece S was measured by a 
dynamic strain meter based on an output from a strain gauge. Rupture of each test 
5 piece S was detected by using a liquid penetrant test. 
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[Transverse Crack Generation] 

Figs. 4 and 5 show the test results. Based on the test result of A 
type test pieces, an effect on the resin layer 2 was examined by using the B 
type test pieces. An effect on the metal layer 1 formed by the SMA was 
5 examined by using the C type test pieces. An effect of the 2% strain of the 
SMA and an effect of restoring force thereof were examined by using the D 
type test pieces. A damage suppressing effect and a recovering property 
were examined by using the E type test pieces in which the metal layer 1 has 
2.5 times thickness. 

10 As shown in Fig. 4, at a 0.67% strain, a transverse crack was 

generated in the first fiber-reinforced resin layer 31 of the test piece of A1 
type, while at a 0.65% strain, a transverse crack was generated in the test 
piece of A2 type. This difference shows a deterioration in the material 
property caused by heating. In the test pieces of B type, substantially the 

15 same results as those of the test pieces of A type were obtained, and no 
remarkable difference was found. The test piece of C1 type had a 0.7% 
crack generation strain at room temperature. However, in the test piece of 
C2 type, the crack generation strain was improved up to 0.75% by heating. 
It can be considered that such an effect was brought about due to an 

20 improvement in rigidity by an austenite transformation of the SMA. The test 
piece of D1 type had a 0.84% crack generation strain at room temperature. 
However, in the test piece of C2 type, the crack generation strain was 
improved up to 0.89% by heating. The test piece of E1 type had a 0.89% 
crack generation strain at room temperature. However, in the test piece of 

25 E2 type, the crack generation strain was improved up to 0.95% by heating. 

Based on the above results, it is found that a provision of the metal 
layer 1 formed of an SMA improves a transverse crack strain. 

When comparing the test pieces of C type in which no strain was 
imparted to the metal layer 1, with the test pieces of D type in which 2% 

3 0 strain was previously imparted to the metal layer 1, it is found that the 
transverse crack generation strain is more improved in the latter. When 
comparing the test pieces of D type in which the metal layer 1 has a 
thickness of 0.04 mm, with the test pieces of E type in which the metal layer 
1 has a thickness of 0.1 mm, it is found that the transverse crack generation 

35 strain is more improved in the latter. 

As shown in Fig. 5, with respect to the test pieces of A type at a 



10 

loaded strain of 1.1%, a transverse crack generation density was 8.1/cm in 
the test piece of A1 type, while it was 10.6/cm in the test piece of A2 type. 
With respect to the test pieces of B type, a transverse crack generation 
density was 5.5/cm in the test piece of B1 type, which was about a 30% 
5 reduction relative to the test piece of A1 type, while it was 8.6/cm in the test 
piece of B2 type, which was about a 20% reduction relative to the test piece 
of A1 type. In the test piece of C1 type, a transverse crack generation 
density was 5.7/cm, which was about a 30% reduction relative to the test 
piece of A1 type, while it was 7.3/cm in the test piece of C2 type, which was 

10 about a 30% reduction relative to the test piece of A1 type. In the test piece 
of D1 type, a transverse crack generation density was 4.9/cm, which was 
about a 40% reduction relative to the test piece of A1 type, while it was 
5.6/cm in the test piece of D2 type, which was about a 50% reduction relative 
to the test piece of A1 type. In the test piece of E1 type, a transverse crack 

15 generation density was 1.15/cm, which was about an 86% reduction relative 
to the test piece of A1 type, while it was 4.55/cm in the test piece of E2 type, 
which was about a 57% reduction relative to the test piece of A1 type. 

Based on the above results, it is found that a composite material 
having the resin layer 2 laminated on the fiber-reinforced resin layer part 3 

20 has a lower transverse crack generation density than a composite material 
which is made only of the fiber-reinforced resin layer part 3. It is also found 
that, by laminating the resin layer 2 and the metal layer 1, a transverse crack 
generation density can be further decreased. When comparing the test 
pieces of C type in which no strain was imparted to the metal layer 1 , with the 

2 5 test pieces of D type in which 2% strain was previously imparted to the metal 
layer 1, it is found that a transverse crack generation density is more 
decreased in the latter. When comparing the test pieces of D type in which 
the metal layer 1 has a thickness of 0.04 mm, with the test pieces of E type 
in which the metal layer 1 has a thickness of 0.1 mm, it is found that the 

30 transverse crack generation density is lower in the latter. 

[Delamination Generation] 

As shown in Fig. 4, a delamination generation strain was 0.77% in 
the test piece of A1 type, while it was 0.83% in the test piece of A2 type. 
35 With respect to the test pieces of B type, the delamination generation strain 
was significantly improved relative to the test piece of A1 type. That is, no 
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delamination was generated in both the test pieces of B1 and B2 types when 
the strain exceeded 1.2%. In Fig. 4, about the cases in which no 
delamination is generated at above 1.2% strain, the delamination generation 
strain is specified as 1.3%, as a matter of convenience. Although the 
5 delamination generation strain was lowered to 1% in the test piece of C1 
type, it was 1 .3% in the test piece of C2 type. The delamination generation 
strain was improved to 1.1% in the test piece of D1 type, and it was 1.3% in 
the test piece of D2 type. The delamination generation strain was 1.3% 
both in the test pieces of E1 and E2 types. Thus, no delamination was 

10 generated at a loaded strain of 1 .2%. 

Based on the above results, it is found that the delamination 
generation strain is more improved in a composite material in which the resin 
layer 2 and the metal layer 1 are laminated than in a composite material 
which is made only of the fiber-reinforced resin layer part 3. When 

15 comparing the test pieces of C type in which no strain was imparted to the 
metal layer 1, with the test pieces of D type in which 2% strain was 
previously imparted to the metal layer 1, it is found that the delamination 
generation strain is more improved in the latter. When comparing the test 
pieces of D type in which the metal layer 1 has a thickness of 0.04 mm, with 

2 0 the test pieces of E type in which the metal layer 1 has a thickness of 0.1 mm, 

it is found that the delamination generation strain is more improved in the 
latter. 

Fig. 6 shows a summary of the above results. Based on Fig. 6, it is 
found that the test pieces S of D type and the test pieces of E type have a 
25 higher damage suppressing effect, each of which is made by the metal layer 
1 formed of the SMA to which a strain is previously imparted, the resin layer 
2, and the fiber-reinforced resin layer part 3. Of the two kinds of test pieces 
S having such a structure, the test pieces S of E type, in which a thickness of 
the SMA is 0.1 mm, is more preferable. 

3 0 The test pieces S are compared with a conventional composite 

material 10 with reference to an observation by using a video scope. 

As shown in Fig. 7, in the test pieces S of A type, a transverse crack 
is generated at a loaded strain of 0.65%. At a loaded strain of 0.8%, the 
transverse crack passes vertically through the 90 degrees layer, and 
3 5 becomes a delamination. At a loaded strain of 1 .0%, a clear delamination is 
observed. 
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On the other hand, as shown in Fig. 8, in the test pieces S of C type 
having the metal layer 1, the resin layer 2, and the fiber-reinforced resin layer 
part 3, the transverse crack is generated at a loaded strain of 0.75%. At a 
loaded strain of 0.9%, the transverse crack passes vertically through the 90 
degrees layer, and the delamination is generated at a loaded strain of 1.0%. 

Based on the above results, it is found that, as compared with the 
conventional composite material, a damage can be significantly suppressed 
by laminating the resin layer 2 and the fiber-reinforced resin layer part 3 on 
the metal layer 1 formed of the SMA to which a strain is previously imparted, 
and heating the metal layer 1 to recover its original shape. 

Thus, in the composite material 10 and the method of manufacturing 
the composite material 10 according to the present embodiment, the resin 
layer 2 not only contributes to improving the strength of the composite 
material 10, but also enhances an attachment between the metal layer 1 and 
the fiber-reinforced resin layer part 3. Therefore, the composite material 10 
can be more firmly integrated, so that the strength thereof can be improved. 
As a result, as compared with a conventional composite material, a damage 
suppressing effect can be increased. 

Since the metal layer 1 is formed of the SMA, when the metal layer 1 
is heated to recover its original shape, the resin layer 2 and the 
fiber-reinforced resin layer part 3, which are laminated on the metal layer 1, 
are subjected to the recovering force of the metal layer 1 at the same time. 
Thus, upon a recovery of the metal layer 1 , the recovering force is applied to 
the resin layer 2 and the fiber-reinforced resin layer part 3. In the case 
where an external force is applied in an opposite direction of the recovering 
force, the external force is counterbalanced by the recovering force. 
Therefore, a critical stress at which a damage is generated in each layer can 
be enhanced. 

Since the first to fourth fiber-reinforced resin layers 31 to 34 are 
respectively arranged at an angle of 45 degrees, the fiber-reinforced resin 
layer part 3 is strengthened in four directions. Thus, such a fiber-reinforced 
resin layer part 3 composed of four layers can provide a strength in the most 
uniform manner. That is, the fiber-reinforced resin layer part 3 is not 
strengthened in only a certain direction, so that a suitable structure of the 
composite material 10 is made possible. 

The present invention is not limited to the above embodiment. For 
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example, although the fiber-reinforced resin layer part 3 is composed of four 
layers, it may be composed of six or eight layers. In the case of six layers, 
the first to sixth fiber-reinforced resin layers are respectively arranged at an 
angle of 30°. In the case of eight layers, the first to eighth fiber-reinforced 
resin layers are respectively arranged at an angle of 22.5 degrees. In this 
embodiment, the SMA used as the metal layer 1 would recover by being 
heated. However, not limited thereto, the SMA may recover with a lapse of 
time. Other changes and modifications are possible without departing from 
the scope of the invention. 

That is, according to the present invention, a resin layer not only 
contributes to improving the strength of a composite material, but also 
enhances an attachment between a metal layer and a fiber-reinforced resin 
layer. Thus, the composite material can be more firmly integrated, so that 
the strength thereof can be improved. Therefore, an increased damage 
suppressing effect of the composite material can be obtained relative to a 
conventional one. 

Further, the disclosure of Japanese Patent Application No. 
57204/2003 filed on March 4, 2003 including the specification, drawings and 
abstract is incorporated by reference in its entirety. 



